Dendritic cells (DCs) are central player in immunity by bridging the innate and adaptive arms of the immune system (IS). Interferons (IFNs) are one of the most important factors that regulate both innate and adaptive immunity too. Thus, the understanding of how type II and I IFNs modulate the immune-regulatory properties of DCs is a central issue in immunology. In this paper, we will address this point in the light of the most recent literature, also highlighting the controversial data reported in the field. According to the wide literature available, type II as well as type I IFNs appear, at the same time, to collaborate, to induce additive effects or overlapping functions, as well as to counterregulate each one's effects on DC biology and, in general, the immune response. The knowledge of these effects has important therapeutic implications in the treatment of infectious/autoimmune diseases and cancer and indicates strategies for using IFNs as vaccine adjuvants and in DC-based immune therapeutic approaches.
BIOLOGICAL FUNCTIONS OF TYPE II AND TYPE I IFNs
IFNs were discovered more than 50 years ago as factors with the capacity to inhibit viral replication. IFNs were subsequently distinct and classified as type I and type II IFNs [1] . Type I IFNs are a family composed by 13 IFN-α, 1 IFN-β, 1 IFN-ε, and 1 IFN-κ. All cells are able to release type I IFNs following viral infections, and all cells express the specific receptors composed of IFNR1 and IFNR2 chains. Type II IFN is composed of only one gene product: IFN-γ . IFN-γ was initially named "immune IFN" because it was produced by lymphocytes stimulated with immune stimuli. IFN-γ is essential against intracellular fungi, bacteria, and protozoa and for this reason was also named "macrophage activating factor (MAF)." Type II IFN binds to a receptor composed of ubiquitously expressed IFNGR1 and IFNGR2 chains [2] .
TYPE II AND I IFNs AND THE IMMUNE SYSTEM
Type II IFN, referred to as interferon-γ (IFN-γ ), is an important mediator of immunity and inflammation that utilizes the Janus kinase (JAK) signal transducers and activators of transcription (STAT) signaling pathway [3] .
Upon activation of the IFN-γ receptor (IFNGR), the phosphorylation of the latent cytoplasmic STAT1 on tyrosine 701 stabilizes a STAT1 dimer, formed by STAT1 monomers in a parallel configuration. STAT1 can, therefore, translocate to nucleus, where it binds to cognate DNA sequences and activates transcription of STAT1 target genes. Active STAT1 in the nucleus undergoes acetylation (for regulation of these processes see, Krämer and Heinzel [4] ).
IFN-γ has multiple functions in immunity (for review see, [5] ). Key functions are often mediated by cross-regulation of cellular responses to other cytokines and inflammatory factors. This cross-regulation has important functional implications for immune cell activation, production of cytokine, inflammatory responses, tissue remodeling, T-cell differentiation, and for autoimmune diseases [5] . IFN-γ plays decisive role in T-helper (Th)-1 polarization [6, 7] , stimulates DCs and macrophages effector functions [6] , upregulates proinflammatory factors (IL-12, IL-15, TNF-, IFN-inducible proteins, IP-10/CXCL10, Mig/ CXCL9, and I-TAC/CXCL11) and inducible nitric oxide sintetase [6, 7] , exerts an important "priming" effect on the induction of IL-12p70 by monocytes [6, 7] and DCs [8] . These activities, mainly studied in vivo, highlight a proinflammatory role of this cytokine, supported by the use of IFN-γ -and IFNGRknock-out mice that have confirmed the critical role of IFN-γ in Th-1 immunity largely using intracellular pathogens as infectious models (reviewed in [7, 9] ). However, the use of the same in vivo models provide evidence indicating that IFN-γ is also a master regulator of immune response and inflammation, a concept witnessed by evident beneficial effects in experimental systems of autoimmunity (reviewed in [10, 11] ). Anti-inflammatory/regulatory effects include regulation of B-cell motility [12] and T-cell survival [13] , regulatory T-cell activation [14] , and, more recently, suppression of Th-17 polarization [15, 16] . We have recently undertaken a wide analysis of the IFN-γ effects on human DCs functions [17] , since these cells are central player in immunity.
Type I IFNs, namely, IFN-α and IFN-β, are also important regulators of immunity and possess, similarly to IFN-γ , both proinflammatory and anti-inflammatory effects [18, 19] . These IFNs are also able to signal via STATs activation (for review, see [3, 19] ). It is not completely clear whether these two type I IFNs (α and β) have absolutely identical effects in immunity. Indeed, as general practice, IFN-β is often used to suppress autoimmunity, especially in multiple sclerosis (MS) [18] , whereas IFN-α has mainly been used to activate protective immune responses in infectious diseases, (especially in HCV infection) [20] [21] [22] and in cancer therapy to condition monocyte-derived DCs (MDDCs) to be used for vaccine purpose [23] [24] [25] .
In this paper we would like to review the current literature about the effect of type II IFN on both human and mouse DCs and to point out all the similarities and differences between the effect of type II and type I IFNs, the latter also possessing a crucial impact on the DC biology [19] . Contrasting observations have often been reported in the literature regarding the outcomes of both type II and I stimulation of DCs. [74, 75] / = Inhibit IL-1β production by both mouseand human DCs [74, 75] Regulate response to itself [76, 77] Regulate response to themselves [78] IFN-γ effects counteracted by IFN-α/β [31, 79] Inhibit IL-12p70 production by mature DCs and IFN-γ effects on DCs irrespective of thier maturation status [31, 79, 80] Response to IFN-γ regulated by type I IFN both in vitro [31, 79, 80] and in vitro [81] [82] [83] Inhibit IFN-γ production in vivo by down regulation of IFN-γ receptor [84, 85] or up-regulation SOSCS1 [83] in DCs + Additive, / = opposing, counterregulatory, effects on DCs.
Moreover, differences between the human and mouse systems also occur. All the overlapping effects on DCs of both IFN types are resumed in the scheme in Table 1 . Lastly, since it is known that type I and II IFNs can antagonize each other's effect in vivo [19] , we discuss this counterregulation in the particular context of DC activation. Counter-regulatory effects of IFNs on DCs as well as differences between type II and I IFNs and opposite effects are resumed in the scheme in Table 2 .
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INTERFERON-γ EFFECTS AND AUTOCRINE IFN-γ LOOP IN MYELOID DENDRITIC CELLS
Many researchers have studied IFN-γ effects on one of the most important cell of the immune system, the DCs. This has also provided some clues about the use of IFN-γ (together or in alternative to type I IFNs) in protocols that use DCs as a tool for human therapeutic vaccines to cure tumors or chronic infections [23, 25] . Many of these studies have used DCs generated by culture of blood monocytes in the presence of GM-CSF and IL-4 [24] (MDDC), with some exceptions [22, 25] .
IFN-γ Renders DCs Able to Potentiate Th-1-and CD8 T-Cell Responses
The most classical believe is that IFN-γ represents an activating stimulus that potentiates multiple DC tasks. For instance, the concerted action of CD40 triggering and IFN-γ stimulation is uniquely required for high IL-12p70 production by DCs [17, 25, 26, 86] . We have addressed the outcomes of IFN-γ stimulation on a wide array of MDDC effector functions, when the cytokine was used alone or in combination with classical stimuli (Toll-like receptor (TLR)-4 or CD40 stimulation) [17] . IFN-γ alone given to MDCCs was able to upregulate various maturation markers (CD80/86, MHC molecules, CCR7) and at lower, but significant extent CD83. It also protects MDCCs from spontaneous apoptosis [17] via upregulation of the prosurvival factor Bcl-2 [87] , a molecule that is usually upregulated in mature DCs, whereas the proapoptotic molecule Bax was downregulated. Indeed, IFN-γ increased Bcl-2 : Bax ratio to levels comparable to those achievable after Lipopolysaccharide (LPS) treatment or CD40 triggering, both stimuli increasing MDDC half-life.
We also addressed IFN-γ signaling in MDDCs by analysing STAT1 and STAT3, all MAPKs, and IκBα, the NF-κB inhibitor. Regarding STATs, western blot analysis showed STAT1 phosphorylation induced very early by IFN-γ , earlier than upon CD40 triggering or LPS stimulation. STAT1 activation tended to be enhanced upon double stimulation (coupled with LPS administration or CD40 triggering), whereas STAT3 phosphorylation decreased. It is known that STAT3 inhibits full upregulation of DC maturation markers and IL-12p70 secretion [88] [89] [90] . Thus, concomitant administration of IFN-γ and CD40 (or TLR-4) stimulation seemed to relax the STAT3-mediated inhibitory activity on antigen-presenting cell (APC) functions, favoring a sort of "hyperactivation" of DCs. This effect, promoted by IFN-γ stimulation (when maturation stimuli are also provided), can be beneficial in cancer therapy, a setting in which immune regulatory/suppressible mechanisms should be relaxed.
Despite IFN-γ provided alone to DCs was able to induce an apparent mature phenotype and CCR7-upregulation, this was not sufficient neither to gain an efficient APC capacity in mixed lymphocyte reactions (MLR) nor to migrate in response to CCL21 in vitro [17] . Culture with IFN-γ -treated DCs (as compared with untreated DCs) only increased the subsequent capacity of a mix population of CD4 and CD8 T cells to kill target cells in a classical cytotoxic assays. However, this was not the case when purified CD8 T cells were used. We interpreted these data by assuming that when both CD4 and CD8 T cells were present in culture, CD4 T cells that expressed CD40L (unlike the CD8 T cells) might have provided a further input, in addition to IFN-γ signaling, so that the cytotoxic activity could be enhanced in a subsequent rechallenge with cognate targets. CD40L stimulation provided by the cocultured CD4 T cells and the prior exposure to exogenous IFN-γ may have worked together by increasing membrane-bound IL-15 on the DC surface so that the killer cells resulted are more efficient in killing (see below, [65] ).
Although we have not performed the experiment, it is possible that the cytotoxic activity of cocultured T cells might also be implemented whether IFN-γ is used in combination with LPS with respect to either stimulus alone. A recent paper [33] has shown that IFN-γ helps DCs to gain the function to activate CD8 T cells independently of CD4 T-cell help. Interestingly, the authors also demonstrated that LPS alone would prime CD8 T cells in the absence of CD4 T-cell help by inducing an endogenous production of IFN-γ that is required for this function [33] . In the same study, IFN-γ was also shown to restore APC functions of DCs after mycophenolic acid treatments [33] .
Through all of our work [16] , IFN-γ treatment was shown to further enhance several functions already gained by DCs following classical maturation stimuli administration (LPS, CD40L). The final idea was that IFN-γ could "arm" multiple MDDC effector functions, in part (as already shown through the wide literature in this field), by reinforcing MDDC Th-1 stimulatory ability, capacity to attract CXCR3 + Th-1 cells [26, 27, 33, 35, 41] and to increase CCR7-driven migratory behaviors [17] .
IFN-γ Can Effect CCR7-Driven Migration of DCs
IFN-γ upregulates CCR7 on MDDCs, the specific receptor for CCL19/CCL21 chemokines expressed in the lymph nodes. However, it is well known that CCR7 expression does not always guarantee acquisition of CCL19/CCL21 responsiveness [91] . When we assessed CCL21-driven chemotaxis of IFN-γ -treated MDDCs, we found that they were not able to migrate towards this chemokine gradient. Their capacity to sense CCL21 was, however, obtained when IFN-γ was given coupled with TLR-4 or CD40 activation. The double stimulation rendered MDDCs even more prone than MDDCs treated with the sole LPS or CD40 stimulation, to migrate towards CCL21. It should be mentioned that one report showed that IFN-γ acted to actually inhibit CCR7-driven migration of MDDCs, when added to the classical maturation cocktail used in cancer therapy and containing prostaglandin E2 (PGE2) [92] . It is possible that differences in the maturation stimuli used (cytokines instead of TLR-stimulators), or conditions maintaining IL-4 in culture, may account for this opposite result. However, other works (for review, see [23] ) showed that a new "type I polarizing cocktails," containing both type II and I IFNs, did not block, but only slightly decreased, CCL21-and CCL19-driven migration of human DCs, as compared to the classical PGE2-containing cocktail, demonstrating that IFNs do not always inhibit CCR7-driven migration.
IFN-γ Induces CD38 on DCs, a Molecule That Implements Various DC Effector
Functions, Included CCR7-Driven Migration
The increased efficiency of CCR7-driven migration determined by IFN-γ revealed a further level of "enhancer/regulatory effect" of this IFN on human DC functions. Since this phenomenon occurs as a priming effect too, a fashionable interpretation was that IFN-γ can prepare the DCs in the tissue for a subsequent migration step, which can be induced subsequently either by stimulation with TLR-binding factors (for instance LPS) or crosstalk with effector CD4 T cells that have homed to the inflamed tissues (and can provide CD40 stimulation). Our initial studies had shown that IFN-γ is a stimulus that induces CD38 on human MDDCs [38] . We then discovered that stimulation of CD38 helps CCR7-driven migration [39] . Interestingly, concomitant IFN-γ stimulation and triggering of CD38 consistently increased CCL21-driven migration [17] . Thus, IFN-γ can equip the DCs with this further receptor (CD38) that can implement DC trafficking towards the lymph nodes (LNs). However, we have also demonstrated that CD38 on DCs is able to implement other effector functions [17, 39] . For instance, concomitant stimulation with IFN-γ and via the CD38 receptor increases IL-12p70 secretion by DCs [38] and IFN-γ production by cocultured T cells [17] . The same type of stimulation also enhances MDDC capacity to recruit activated Th-1 cells, suggesting a synergy between IFN-γ and CD38 signaling in inducing release of CXCR3-binding inflammatory chemokines. These novel findings suggest important implications of CD38 signaling in the process of inflammation. This is even more relevant considering that CD31, the CD38 counterreceptor, is expressed not only by the DCs themselves but also by various parenchymal, endothelial, and B cells residing in, or homing to, inflamed tissues. More intriguingly, CD31 is peculiarly expressed by naive T cells [72, 93] that encounter DCs in LNs. Thus, it is conceivable to see CD38 signaling as an additional "licensing stimulus" that inflamed tissues or LN environments confer to mature DCs or DCs conditioned by IFN-γ , expressing high CD38 levels. This idea is now even more fashionable given the results of a recent work by MarelliBerg's group [72] that has discovered a novel function of CD31 signaling in naive T cells. These authors showed that CD31 is a nonredundant comodulator of T-cell responses, which is specialized in sizing the immune response by setting the threshold for T-cell activation and tolerance. Signaling of this molecule can also prevent memory T-cell death. Although CD31 can also be triggered via homotypic interaction with other CD31 molecules expressed on APCs or parenchymal cells, it is very likely that interaction with CD38 can take over once the APCs (namely the DCs) are in a mature state and express high level of CD38, allowing CD38 to regulate the level of activation of T cells. The role of this interaction deserves a more detailed investigation to complete the preliminary scenario depicted in this study [72] . In conclusion, a further pivotal effect of type II IFN is to equip DCs with an important receptor that can regulate both DCs and T-cell activity. Interestingly, as discussed below, this appears a property shared with type I IFN in that also IFN-α can upregulate CD38 on human DCs [28] .
IFN-γ Regulates IL-27 and Other Factor Expression by DCs and, Indirectly, IL-17 Production by T Cells
IL-27 is a heterodimeric cytokine composed by an IL-12p40-related protein (Epstein-Barr virus-induced gene 3, EBI3) and by an IL-12p35-related polypeptide (p28). This cytokine is produced by antigenpresenting cells (APCs) and signals through a receptor containing the common IL-6 receptor chain gp130 and the unique IL-27 receptor α chain (WSX-1), expressed on T and B cells, natural killer (NK) cells, mast cells, monocytes/macrophages, DCs, and endothelial cells. IL-27 was initially described as a proinflammatory cytokine, sensitizing lymphocytes to IL-12 and, thus, promoting Th-1 responses and as enhancer of NK activity. Recently, other functions of IL-27 have been described, included a role in inducing IL-10-producing Tr1 cells (for review, see [94] ).
A novel observation of our recent studies showed that treatment of human DCs with IFN-γ could increase production of the p28 subunit of IL-27 and that priming with IFN-γ or INF-γ , provided during maturation, led to increase of both IL-27 subunit transcription (p28 and EBI3) in MDDCs [17] . IFN-γ had previously been shown to suppress IL-17 production both in vitro and in vivo [8] . Since IL-27 had also been shown to suppress Th-17 in vivo [28] , it was possible that IFN-γ could restrict Th-17 cell activation via an indirect action on the APCs (the DCs), through enhancing the secretion of IL-27. The lack of in vitro tools to measure IL-27 release in vitro by IFN-γ -conditioned DCs did not allow to indicate this mechanism as really operative. However, we found that small amounts of IL-17 were produced by T cells that had been cultured with DCs matured via CD40 ligation and that IL-17 was not secreted when T cells were instead cultured with DCs stimulated via both CD40 triggering and IFN-γ conditioning, a type of culture that greatly stimulated IL-27 mRNA transcription. Thus, it was likely that IFN-γ conditioning of DCs rendered them more prone to secrete high quantity of IL-27, so that the Th-17 cells interacting with those DCs were refrained from expanding. Subsequently, this hypothesis has been corroborated in vivo. Indeed, an interesting recent paper [50] has shown that INF-γ induces IL-27 secretion by mouse DCs, as measured both at RNA and protein level and that engagement of IFNGR on DCs is responsible for suppressing IL-17 production by responder T cells both in vitro and in vivo. Thus, these authors have shown a link between IFN-γ stimulation of DCs and inhibition of Th-17 cell induction/expansion, acting via IL-27 production by the DCs themselves. In addition, the same study showed that IFNGR engagement on DCs concomitantly inhibited osteopontin (OPN), a factor that possesses potent inflammatory functions [95, 96] and induces Th-17 cells in MS patients [96] . Thus, Murugaiyan et al. have discovered an additional interesting mechanism by which IFN-γ limits IL-17-mediated autoimmune inflammation via the reciprocal regulation of IL-27 and OPN expression in mouse DCs. Indeed, IFN-γ inhibits OPN while it upregulates IL-27. Another recent paper also supports these data about capacity of IFN-γ and IL-27 to limit autoimmune inflammation, showing that IFN-γ and IL-27 can also regulate autoimmune arthritis. If present at the onset of the diseases, IFN-γ and IL-27 can block IL-17 secretion [74] .
Inhibition of Th-17 cells in a mouse system of tuberculosis infection was recently shown to depend on another effect induced by IFN-γ priming in DCs, that is, the reduction of IL-1β secretion by the DCs themselves. Lack of IL-1β impaired IL-17 production by splenocytes [75] in this setting. In the same model system, the action of IFN-β was also investigated. IFN-β exerted an effect similar to that of IFN-γ , because it also interferes with IL-1β production and subsequent Th-17 cell stimulation. Interestingly, IFN-β has been shown to decrease IL-1β and IL-17 production in human cells as well [97] . However, IFN-γ priming, before Mycobacterium tuberculosis (MTB) stimulation, was shown to induce IL-1β in human MDDCs [75] , revealing possible differential effects of type I and II IFNs on secretion of this cytokine in the human cells. Such induction of high IL-1β in DCs by IFN-γ in humans may explain, according to the authors of the latter paper, the way IFN-γ is detrimental in MS.
INF-γ Can Also Have a Regulatory/Suppressor Effect on DC Activity
It should be pointed out that effects exerted by IFN-γ appear very different whether this cytokine is administered to fully differentiated/maturing DCs or to monocyte during the differentiation process into DCs. Indeed, the exposure of monocytes to IFN-γ, during the differentiation process towards DCs, has been shown to either yield macrophages or induce a state of poor APC stimulatory ability or tolerogenic effects mediated by the resulting DCs [8, 44, 45] . Regarding this latter phenomenon, previous papers had focused on regulatory effects of IFN-γ -"modified" DCs in vivo. Shinomiya et al. [46] demonstrated that the injection of IFN-γ -stimulated DCs in vivo prevented the onset of diabetes in NOD mice. Similar results were reported in another paper [47] . In the latter study, the use of tryptophan-metabolizing enzyme indoleamine 2,3-dioxygenase (IDO) inhibitor methyl-thiohydantoin-tryptophan (1MT), an inhibitor of IDO [98] , allowed to show that the inhibitory effect was due to IDO activation. Indeed, IDO activation is reported to be an important inhibitory factor of T-cell activation induced by IFN-γ treatment in various type cells, included DCs [98, 99] . Another inhibitory molecule, B7-H1 (also called PD-L1) [48] is also induced by IFN-γ in monocytes and DCs and may account for some of the observed inhibitory effects of such "IFN-γ -modified DCs," although the papers cited above [46, 47] did not address this aspect. It should be mentioned that also type I IFN is able to upregulate B7-H1 in human DCs [49] (see below). In keeping with these observations made in mouse cells, as already mentioned, DCs treated with the sole IFN-γ were not able to a stimulate MLR in our hands either. We did not test B7-H1 expression by our MDDCs treated with the sole IFN-γ , so we cannot exclude a role for this molecule. Instead, we could not restore the APC capacity of the MDDCs treated with the sole IFN-γ [17] by using the IDO inhibitor 1MT, excluding that IDO was responsible for the poor APC stimulatory ability of IFN-γ -treated DCs in our setting.
IFN-γ Autocrine Loop in DCs
We cannot omit to outline that, similar to the type I IFN autocrine loop induced in DCs [77] described in recent years (see below) and shown to activate various DC effector functions, a type II IFN internal loop exists too. The production of IFN-γ by mouse DCs in response to infections with intracellular pathogens [100] [101] [102] is well established, but the idea that also human DCs can produce IFN-γ has not been immediately so popular [103] .
In the mouse system the rapid upregulation of T-bet by IFN-γ in DCs, coupled with a function for DC-derived IFN-γ in T-cell activation, appeared to constitute a positive feedback loop to maximize Th-1 immunity [104] . Interestingly, it was shown that in human DCs T-bet upregulation can be IFN-γ but not type I IFN dependent [105] .
Recent papers have demonstrated the existence of the IFN-γ loop in human DCs more clearly. Fricke et al. [106] demonstrated that human DCs produced IFN-γ at the single cell level by using Bacille calmetteGuérin (BCG) as a model pathogen, which acts via TLR-2 stimulation. The IFN-γ loop was shown to contribute to the secretion of proinflammatory factors such as TNF-α and IL-13 by the DCs, and its effects were enhanced by provision of IL-12, IL-15, or IL-18. A similar effect of the IFN-γ loop was evidenced by Steinman's group and shown to contribute to accelerate CD8 T-cell proliferation to recall antigen presented by the DCs. Even in this paper, IL-18 was shown to contribute to IFN-γ functions by effectively inducing the autocrine IFN-γ [107] . According to another study, IFN-γ and T-bet can be induced in human DCs through an ERK-dependent pathway [108] .
LPS induces IFN-γ in myeloid DCs, and such IFN-γ is considered crucial to induce CD8 T-cell activation. Indeed, as already mentioned, LPS can induce the licensing of APC for CD8 T-cell priming in the absence of CD4 T-cell help, an effect strongly dependent of an IFN-γ autocrine loop induced in DCs by LPS itself [33] .
INTERFERON-α/β EFFECTS AND AUTOCRINE IFN-β LOOP IN MYELOID DENDRITIC CELLS: SIMILARITIES AND DIFFERENCES WITH THE IFN-γ -INDUCED FUNCTIONS
Type I IFNs, as stated above, are also important regulators of immunity and exert both pro-and anti-inflammatory effects [3, 18, 19, 19, 20] . Originally, they have been identified for their antiviral activities, but they are currently recognized as signaling molecule providing a link between innate and adaptive immunity. All kinds of cells susceptible to a viral infection can release type I IFNs. However, within the immune system, DCs have the unique ability to recognize and respond to a variety of pathogens by releasing IFNs. Myeloid DCs are also modulated by type I IFNs, produced by other cells or by themselves (autocrine loop, see below). The outcomes of stimulation of DCs with type I IFNs have been studied by providing IFN-α or IFN-β after, before, or during the maturation process, with different results (see below). Focusing on type I IFN effects in myeloid DCs (for further review, see [2] ), in many studies the separate effect of IFN-β or IFN-α has been addressed, whereas in others no distinction has been done. Moreover, after the first discovery of the autocrine IFN-β loop in DCs stimulated via particular TLRs [2, 77, 109] many studies have addressed the importance of this loop in DC biology [29] [30] [31] . In some of these studies, it has been shown that IFN-β can have similar effect whether it is given exogenously or acts through the endogenous loop. For instance, LPS is a typical stimulus that can induce the IFN-β loop necessary for IL-12p70 release and full maturation of DCs; however, type I IFN given exogenously has the same effect [28] .
IFN-α/β, Like IFN-γ , Potentiate the T-Cell Stimulatory Activity of DCs
Several studies in the literature have shown that IFN-α given during the maturation process has a positive and enhancer activity on myeloid DC functions [2] . Focusing on IFN-β only, several studies have analyzed the effects of exogenous provision of this IFN to human DCs. Likewise for IFN-α studies, even in this case, the timing of exposure is important and may induce contrasting effects. For instance, IFN-β exposure during TNF-α or other stimuli administration to MDDCs was shown to increase the maturation of these cells and promote Th-1 response generation [28] [29] [30] [31] . Enhancer effects consist in induction of maturation markers, elevation of IL-12p70 production by conditioned DCs, and increase of Th-1 response. However, like IFN-α, IFN-β appears to inhibit IL-12p70 production by already mature DCs and counteracts the IL-12-enhancing effect of IFN-γ on DCs irrespective of their maturation status [73, 79] (see below).
With regards to the enhancer effect of type I IFN on DC effector functions, some of the studied outcomes seem similar to, or overlapping with, those elicited by IFN-γ [32] . However, there are some differences, and these have been dissected in the past 10-15 years. For all IFNs (α/β or γ ), the encounter with a DC is not a null event. Both stimuli used alone are poor in inducing some kind of maturation [2, 32, 36, 42, 109] , but they all potentiate activation signals induced in MDDCs by CD40 triggering [17, 24, 25, 32] , including achievement of a fully mature phenotype and high IL-12p70 secretion.
A similarity in the effects produced by both type I and type II IFN stimulation of DCs is that IFN-α, like IFN-γ [17, 32] , acts by enhancing the capacity of MDDC to elicit IFN-γ production by cocultured allogeneic T cells [42] . Moreover (similarly to IFN-γ ), IFN-α can also induce CXCL9 and CXCL10 production by MDCCs, rendering them more able to recruit activated Th-1 cells [24, 25, 42, 43] . Further potentiating effects on CD8 T-cell activation may depend on the capacity of IFN-α to induce stabilization of MHC class I/peptide complexes [59] . On the other hand, induction of expression of MHC class-I-related chain A and B on DCs may be one of the mechanisms by which IFN-α activates NK cells [60] .
Regarding effects of both type I and II IFNs on DC-derived cytokines other than IL-12p70, Marakovky's group [32] firstly showed that both IFN-γ and IFN-α could increase IL-6 secretion induced by CD40 ligation, whereas only IFN-α could induce more IL-10 in response to the same stimulus. In our hands IFN-γ not only did not increase IL-10 secretion but even diminished the production of this cytokine in DCs concomitantly stimulated with LPS or CD40L [17] . Conversely, Coccia's group more recently found IFN-β to upregulate IL-10 production after LPS, but not Pam3cis stimulation of MDDCs, showing that the regulation of IL-10 production is not completely regulated by type I IFN but may depend on the type of maturation stimulus concomitantly given to the DCs [28] .
IFN-α/β, Like IFN-γ , Are Able to Induce CD38 on DCs
As already mentioned, type I IFN is able (similar to IFN-γ ) to upregulate expression of CD38 on human DCs [28] . Thus, like IFN-γ , IFNα/β are also able to equip the DCs with this molecule now known to contribute to Th-1 activation, CCR7-driven migration, and T-cell recruitment [17, 38, 39] . In this regard, it has been recently shown that inclusion of type I IFN in a new cocktail to activate DCs for immune therapy [110] implemented CD38 expression and, as a consequence, the capacity of DCs to activate T cells increased. CD38 can also be induced by the autocrine IFN-β loop [40] such as that induced by TLR-4 stimulation [28] . Interestingly, a pathogen such as Borrelia was not shown to induce this autocrine loop, and, as a consequence, DCs infected by Borrelia were found to be CD38-negative. Accordingly, they possessed an impaired capacity to secrete IL-12 and migrate towards CCL21 and CCL19 gradients [40] , both in vivo and in vitro.
IFN-α/β Can Have Both Activatory and Inhibitory Effects on CCR7-Driven Migration of DCs
It should be mentioned that contrasting results are reported in the literature regarding migration guided by CCR7 of DCs treated with IFN-α/β (controversial results have also been published for IFN-γ , see previous paragraph). There is large consensus on the fact that CCR7 is not induced by IFN-α [2, 32] and-β [34] alone. Marakovsky's group [32] had shown that addition of IFN-α during maturation induced by PGE2 and TNF induced a greater migratory ability guided by CCL21 in MDDCs. Other authors have found opposite results, showing that IFN-β actually inhibits CCR7-driven migration of DCs and interferes with CCR7 upregulation during maturation of these cells [34] . Such different results are not always easy to explain. Again, in keeping with the positive effect of type I IFN on CCR7-driven migration, are studies on the treatment of monocytes with IFN-α combined with GM-CSF, directly during the differentiation process to MDDCs, to yield the socalled "IFN-DCs". IFN-DCs have been shown to be potent inducer of Th-1 responses. Moreover, they were found to upregulate CCR7 and migrate efficiently towards CCL19 [24, 36] . Recently the group of Kalinski has shown that the inclusion of both IFN-γ and IFN-α in the so-called "type I polarizing DCs-cocktail" (as opposed to the actual "gold standard" for DC-based cancer vaccination containing PGE2) yielded DCs that were very good at producing IL-12p70 and eliciting long-lived CTLs against melanoma antigens. This, in contrast with other works, was achieved without a real impairment of the DC ability to migrate towards CCR7 ligands [2, 25, 37] . Thus, the picture is not completely clear, but it appears that type I IFNs can have differential effect on this function depending on how the DCs are concomitantly stimulated.
IFN-α/β Increment of the Capacity of DCs to Transpresent IL-15, a Cytokine Responsible for T-Cell Activation That Also Ensures T-Cell Memory Maintenance
Additional IFN-α-mediated effects on DCs have been studied in subsequent researches and are also overlapping with those elicited by INF-γ . An interesting link between type I IFN (and IFN-γ , see below) and the IL-15 cytokine [65, 66] has been discovered. IL-15 plays a pivotal role in promoting survival, proliferation, and activation of NK cells and CD8 + T cells and is typically transpresented to the target cells by an opposing cell expressing the cytokine on the cell membrane bound to the IL-15Rα [65] . DCs represent an important cell type that transpresent IL-15 to T-cell memory [66] . Interestingly, DCs produce IL-15 when stimulated in the presence of IFN-α [61, [67] [68] [69] [70] . We have demonstrated recently that IFN-α could enhance peptide-vaccine-induced CD8 T-cell numbers and effector functions in vivo [61] , at least, in part, via increment of IL-15 effects mediated via the DCs. In this model, increased in vivo maintenance of CD8 T cells specific for a melanoma antigen and with an effector memory phenotype was due not only to IFN-α receptor expression on the CD8 T cells themselves but also to IL-15 upregulation on DCs. Indeed, we have shown that IFN-α-conditioned mouse DCs were able to mediate expansion and maintenance of melanomaspecific memory CD8 T cells in vitro, due to increased capacity to transpresent IL-15 [61] . 
IFN-α/β Can Upregulate an Important Costimulatory Molecule of DCs, CD70, Which Can Strongly Activate Lymphocytes by Binding to CD27
More recently, we have found that another molecule induced by IFN-α in mouse DCs is CD70, the ligand for CD27 [113] , a molecule very potent at stimulating T-cell responses, especially in the antitumor response settings [113, 114] . Thus, we now know that CD70 expression and IL-15 transpresentation are both upregulated by IFN-α in mouse DCs [63] . This may represent another way by which IFN-α can potentiate DC activities and their capacity to activate the adaptive immune response, a pathway that deserves deeper analysis. What we have found recently is that IFN-α-conditioned mouse DCs were able to increase homeostatic proliferation of memory CD8 T cells in vitro [63] , with respect to untreated DCs, and this enhancer effect was indeed strongly dependent on both the increase of IL-15 transpresentation and CD70 stimulation [63] induced by IFN-α. Interestingly, we have found that IFN-α alone is able to upregulate CD70 expression in human MDDCs as well (even at low doses, Frasca and Lande, 2010, unpublished observations), whereas Arimoto-Miyamoto et al. found that IFN-α could increase expression of this molecule on DCs stimulated by various stimuli, especially PGE2 [71] . Concomitantly, we have also asked whether IFN-γ could do the same thing, and we found that it indeed induced CD70 expression on human DCs (Frasca and Lande, 2010, unpublished observation). Moreover, this effect is potentiated in combination with maturation stimuli, such as LPS. Thus, the effect of IFN-γ is again similar to that of type I IFN at stimulating CD70 upregulation. It is also known that IFN-γ , like IFN-α, can upregulate IL-15 gene in DCs [61] [62] [63] [64] . So we think that both type I and II IFNs can have multiple potentiating effects on both innate and adaptive immune responses also via regulation of these latter molecules on the DCs.
IFN-α/β, Similar to IFN-γ , Can Also Exert Some Inhibitory Effects on DC Functions
In keeping with some inhibitory effects on DC functions of IFN-β is the induction, by this IFN-type, of the inhibitory molecule B7-H1 (PD-L1) [49] that, as already mentioned, can be also induced by IFN-γ . Indeed, it has been suggested that another way by which IFN-β can dampen inflammation in MS is the induction B7-H1 on monocytes and DCs. IFN-β was shown to enhance expression of this molecule on semimature DCs (for instance DCs treated with the sole TNF) suggesting that the state of activation of the DCs (and, therefore, their way of activation) may allow this molecule to exert a strong inhibitory effect on their production of proinflammatory factors and the consequent activation of CD4 T cells. Indeed, this molecular pathway has been shown to be crucial in the regulation of experimental autoimmune encephalomyelitis [115] .
IFN-α/β, Like IFN-γ , Regulate DC Production of IL-27
Another important issue has been the discovery of a link between type I IFN stimulation and IL-27 production by DCs. Even in this case type I IFNs seem to act similar to IFN-γ [2, 17, 28 ]. Coccia's group [2, 28] discovered that IFN-β induces the p28 subunit of IL-27 [116] in MDDCs. This was evident whether IFN-β was given exogenously or induced by LPS, by virtue of the activation of the autocrine IFN-β loop. IL-27 expression was shown to depend on IRF-1. The authors proposed that secretion of IL-27 by IFN-β-stimulated DCs could have a delayed anti-inflammatory effect on the immune response, as apposite to the activating effect due to the initial wave of IL-12p70 increase [28] . The autocrine loop leading to IFN-β production by DCs is not always induced by all TLR stimulators [2] . In some cases, when a pathogen does not induce this loop in the DCs, exogenous provision of IFN-β can enhance protective immune responses [30, 31] . This implies that also IL-27 is not always produced by DCs, due to the lack of the same loop, with various consequences. An example of this is our study regarding the effects of different LPS, derived from different pathogenic bacteria [51] , on human MDDC phenotype and functions. Unlike LPS from E. coli, which can induce the IFN-β loop in maturing DCs and IL-27 [28, 51] , the LPS derived from B. pertussis (called LOS) did not induce this loop and did not upregulate IL-27. As already mentioned, IL-27 is known to block Th-17 cells induction/expansions, and indeed LOS-stimulated MDDCs were able to expand Th-17 cells, unlikely the E. coli LPS-stimulated cells (which produced IL-27). Thus, lack of IL-27 production by the MDDCs favors Th-17 expansions. In this study responder T cells were not pure naïve cells. However, a subsequent study demonstrated a similar capacity of IL-27 released by the DCs to block induction of Th-17 cells using naïve T cells. Markovic-Plese's group demonstrated that IFN-β1 treatment of DCs significantly inhibited the secretion of the Th-17-polarizing cytokines (IL-1β, TGF-β1, and IL-23) and induced the production of IL-27 [52] . They also showed that IFN-β inhibits human Th-17 cell differentiation acting via the inhibition of the expression of IL-1β and IL-23, while inducing IL-12p35 and IL-27p28 in DCs derived from MS patients. DC supernatant transfer experiments confirmed that the IFN-β-1a-induced changes in DC cytokine secretion suppress the Th-17 markers RORc, IL-17A, and IL-23R. IFN-β-1a exhibited a direct effect on naive CD4 + CD45RA + T cells derived from both MS patients and healthy controls and inhibited their Th-17 differentiation, as evidenced by the inhibition of RORc, IL-17A, and IL-23R expression [53, 97] . It is tempting to speculate that different TLR stimulators derived by different pathogens can shape the response of DCs with respect to the IFN-β loop and, by doing so, activate or not the Th-17-polarised response. For instance, TLR-2 stimulation, which inhibits the IFN-β loop, induces DCs more prone to elicit Th-17 responses, while the opposite is true for TLR-4 stimulation [54] .
Two interesting papers have demonstrated this mechanism of Th-17 inhibition mediated by type I in vivo, via DC modifications. These studies showed indeed that engagement of IFNAR blocks the severity of experimental autoimmune encephalomyelitis by inducing IL-27 by innate immune cells [55, 56] . In particular, the DCs [57, 58] were shown to be the main targets of type I IFN effect, and their production of IL-27 prevented efficient Th-17 responses. Signaling triggered by type I IFN in DCs, leading to IL-27 production, was also found to be dependent on inhibition of OPN, which acts as a repressor of IL-27 expression. The same gene is inhibited in mouse DCs by IFN-γ signaling (see above).
Thus, these recent researches have shown how type I IFN (as well as type II IFN) can affect the polarization of the adaptive immune response by acting via modification of the DCs, in this case by forcing these cells to produce a cytokine, IL-27, which dampens inflammation and concurs to block Th-17 generation, while also inhibiting other proinflammatory factors.
IFN-λ: Also Called Type III IFNs
Although not included in the type I or type II IFN family, a special mention in this paper deserves the type III IFNs, for their effects on DCs (partially overlapping with those of Type I IFNs) and because an internal loop of type III IFNs has also been discovered in DCs [2] .
Type III IFNs are also known as IFN-λ,a family composed of three members such as IFN-λ1 (IL-29), IFN-λ2 (IL-28A), and IFN-λ3 (IL-28B). IFN-λ shared with type I IFNs an intracellular signaling pathway that drives the expression of a common set of genes. Indeed, the antiviral capacity of IFN-λ is usually coexpressed with IFN-α/β released by virus-infected cells. However, IFN-λ signaling is initiated through a membrane receptor system distinct from that of type I IFNs. IFN-λ is recognized by a receptor formed of two chains, the specific receptor IFN-λR1 and IL-10Rβ, that is recognized also by IL-10, IL-22, and IL-26. Blocking of IFN-α receptors does not inhibit signaling through IFN-λ,whereas inhibition of IFN-λ receptors does not block IFN-α signaling indicating that both systems are activated independently [117] .
Apart from viral stimulation, IFN-λ is coexpressed with IFN-β after TLR treatment in human DCs [2] . IFNs produced by DCs in response to TLR stimulation are critical in the differentiation and maturation of DCs, and DCs acquire IFN-λ responsiveness through the expression of the specific receptor chains during their differentiation from monocytes. Even though IFN-λR1 is abundantly expressed on the surface of epithelial cells and is weakly present on bone marrow cells and PBMCs, it has been shown that circulating immune cells are sensitive to IFN-λ. IFN-λ-treated DCs express high levels of MHC Class I and Class II molecules, but low levels of costimulatory molecules [118] . Mennechet and Uzé [119] published that IFN-λ-treated DCs specifically induced IL-2-dependent proliferation of a CD4 + CD25 + Foxp3 + T-cell subset with contact-dependent suppressive activity on T-cell proliferation initiated by fully mature DCs. IFN-λ is, thus, able to generate "tolerogenic DCs," an activity that could thwart IFN-β functions [2] . 
ADDITIVE AND COUNTERREGULATORY EFFCTS OF IFN-α/β AND γ ON MYELOID DENDRITIC CELL FUNCTIONS
As reviewed here, results reported in a wide literature show clearly that IFN-γ shares some common mechanisms in the activation of the immune response with type I IFN. However, as previously mentioned, IFN-γ appears more potent in some activities regarding enhancement of APC effector functions of DCs, as compared to type I IFN. Despite overlapping activities, in many works it has been shown that the two IFN types can have even opposite effects by counterregulating each other [121] . This effect has mainly been studied in T and NK cells [56] and was shown to depend on STAT1 induction in such cells by type I IFN. Indeed, type I IFN-induced STAT1 phosphorylation inhibited IFN-γ production. However, all the interactions between type I and type II IFN-induced signals are complex, not completely elucidated, and may depend on the cell type analyzed [57, 58] . It has also been postulated that the two IFN types share some common signaling factors [57] , and in this way they regulate each other's effects, but other works do not support this view [58] . Low levels of endogenous type I IFN induced by TLR engagement during stimulation of DCs are reported to synergize with the NF-κB pathway for optimal IL-12p70 secretion [81] , thus, indirectly contributing to IFN-γ production (additive effects). Small quantities of type I IFN can "prime" cells to produce a robust response to type II IFN [57] . In the latter work such effect has been demonstrated in non-DC-type of cells. More recently, type I IFN has been demonstrated to prime IFN-γ -mediated immune responses by regulating expression of STAT1 [58] in mouse embryonic fibroblasts.
It will be interesting to know how similar loops are operative in DCs. When elevated concentrations are present, type I IFNs have been shown to act by suppressing IL-12p40 production, limiting the amount of the IL-12 heterodimers in another study [78] . Perhaps, the concentration of IFN-α/β is important in determining whether an enhancer of a counterregulatory effect will occur on the type II IFN responsiveness by the cells studied. However, this is not really known, and should be better clarified. Further focusing on DCs, it should be mentioned that, in some way, IFN-γ seems to regulate the response to IFN-γ itself in mature DCs. Indeed, it has been shown that reduced IL-12-producing capacity of mature DCs mainly results from their impaired responsiveness to IFN-γ , which, during the maturation process, is instead a cofactor in CD40-induced IL-12p70 production [21, 78, 81] . In the latter work, Kaliński et al. found that mature human DCs poorly responded to IFN-γ administration, and this correlated with reduced expression of the IFNGR (CD119) [78, 81] . A similar phenomenon was noticed with respect to the IFN-α response. Even in this case, a reduction of the type I IFN receptor in maturing DCs, with progressive loss of response to this cytokine at final maturation, was reported [82] . As already mentioned, several studies showed that type I IFN enhances IL-12p70 production by immature DCs [73] , an effect similar to that exerted by IFN-γ . However, it was shown that type I IFN, given during maturation, induced by IFN-γ and CD40 ligation, counteracted the IL-12-enhancing effect of IFN-γ on immature DCs. This is corroborated by findings that DCs matured in the presence of type I IFN usually respond with high IL-12p70 production upon subsequent CD40L stimulation, but only if, in the subsequent stimulation by CD40L, IFN-γ was not present. Thus, in all these in vitro studies, it seems that type I IFN can modulate, in a negative fashion, the response of DCs to type II IFN. The mechanisms responsible for cross-regulation of the IFN response in DCs are not completely elucidated. Competition for transcription factors shared by the two cytokines has been proposed in other cell types, or alteration of the phosphorylation status of STAT1, involved in signaling of both cytokines. However, the picture is more complicated. For instance, the already mentioned work by Kalinski's group showing that IFN-γ and IFN-α can actually synergize in inducing human DC maturation and effector functions, seem in contrast with the observations reported above. IFN-induced functions are capacity to induce more effective cytotoxic T-cell stimulation and perform CCR7-driven migration, features that are crucial if human DCs need to be used in therapeutic protocols of adoptive transfer [24, 25] . However, one possible explanation for these contrasting results is that, in the Kalinsky's system, stimulation via CD40 triggering and/or TLR-induced activation of DCs is excluded, while only cytokine stimulation is performed [37] . Instead, when a physiological TLR stimulation is induced during an infection, the feedback loop between the two IFN types seems operative. Basically, type I IFN acting on DCs could work to prevent hyperactivation of the APCs and high IL-12p70 production in case that local IFN-γ produced by bystander cells increases at too high levels. A similar mechanism has been demonstrated in vitro by two interesting papers. Rayamajhi et al. [122] found an antagonistic crosstalk between type I ad II IFN operative in vivo during L. monocytogenes infection. This infection induces type I IFN production, which in turn suppresses macrophage and DC activation by IFN-γ by decreasing IFNGR1 mRNA and IFN-γ receptor surface expression on these APCs [122, 123] . In this particular infectious model, production of sustained quantities of type I IFN during L. monocytogenes infection represents an escape strategy used by this bacterium to evade IFN-γ responses that would be instead protective for the host. Obviously, IFNAR−/− mice could resist L. monocytogenes, a phenomenon also evidenced in previous papers in different pathogenic bacterial infections [124] [125] [126] [127] . MTB and Chlamydia trachomatis have also been found to suppress IFN-γ responsiveness, and this escape [83, 128] may indeed involve counterregulation by type I and II IFNs. At the same time, such inhibitory crosstalk may explain why IFN-β has a beneficial effect in MS, by dampening inflammation.
The second paper analyzing the counter-regulatory effects between IFNs in vivo is a study on inflammation induced by Pneumocystis (PC) in CD4 T-cell competent mice. In this system, PC infection of IFNRαβ−/− hosts results in a chronicization of the disease and lung damage [129] , revealing that in these settings type I IFN signaling is important to clear the infection and avoid the chronic disease. The authors showed that during PC infection, production of type I IFN induces a regulatory loop involving upregulation of SOCS1 in CD11c + cells (namely, DCs, but also macrophages), which in turn prevents excessive IFN-γ response. The latter response is the one that need to be taken under check because it is the key element determining lung damage. This is in keeping with another paper showing that lack of SOCS, particularly in DCs, led to a hyperinflammatory response in SOCS1−/− mice [130] . Thus, this is another way by which IFN-α, by acting on the APC to upregulate SOCS1, can counterregulate IFN-γ signaling in the APCs themselves, to limit uncontrolled inflammation.
CONCLUDING REMARKS
In this paper we have tried to point out the differences and similarities between the mechanisms of action of type II and I IFNs on myeloid DCs, a complicated field in which contrasting results have also been reported. Since these two IFN types are produced by many immune cells, the regulation of their expression, as well cell responsiveness to them in vivo can be very complicated to dissect. We have only tried to clarify the action of these two IFN types on one important immune cell that can have a big impact on both the innate and adaptive immune response. However, we would like to point out that in this picture, for lack of space, we did not address the important interactions of DCs with the cells that are the major producers of these IFN types. These cells are mainly represented by the NK cells (for review, see [131] ), which are the most important source of IFN-γ during the early phases of the immune response, and by pDCs, the main type I IFN producers. Like NK cells, pDCs are known to engage in a very important crosstalk with the myeloid DCs [85] , an interplay that strongly involves type I IFN activity coupled with other important immune receptor triggering and soluble factor release (for review, see [80] ).
